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SUMMARY

This paper describes the 3D computations of a flow field in the compressor/combustor dif-

fusers of an industrial gas turbine. The geometry considered includes components such as the

combustor support strut, the wansition piece and the impingement sleeve with discrete cooling air

holes on its surface. Because the geometry was complex and 3D, the airflow path was divided

into two computational domains sharing an interface region. The body-fitted grid was generated

independently in each of the two domains. The governing equations for incompressible Navier-

Stokes equations were solved using the f'mite volume approach. The results show that the flow

in the prediffuser is sn'ongly coupled with the flow in the dump diffuser and vice versa. The

computations also revealed that the flow in the dump diffuser is higidy nonuniform.

INTRODUCTION

In gas turbine engines the air exiting the compressor is decelerated in the annular predif-

fuser before it is discharged into the dump diffuser. The dump diffuser then distributes the air to

the combustor(s) through the annular jacket(s). Typical aircraft engines use an annular combus-

mr, which extends over 360 degrees continuously around the turbine axis. In contrast, the

industrial gas turbines use several can combustors discretely and equispaced in the circumferen-

tial direction. Each of these combustor cans has an annular jacket around it which receives air

fromthe dump diffuserand then feeds it to the combustorcan for combustion.

From the gas turbine's compressor exit to the combustor, frictional losses in the diffuser

flow path adverselyaffectthe efficiencyof the gas turbine.The diffusersystem must uniformly

distribute air to the hot-sections of the turbine to maintain combustion, to improve thermal

mixing and to avoid local burnout. Thus, high efficiencyadvanced gas turbines requirean

aerodynamic design of the prediffuserand dump diffuserfor minimizing energy lossesand for

maintainingcombustion stabilityand performance. The design of theseflow systems iscompli-

cated because of two main masons (I)the performance ofthe prediffuserisaffectedby the flow
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conditions in the dump region and vice versa and (2) the flow geometry in the dump region is

3D. The complex geometry and the flow interactions between the components of the

compressor/combustor region present a significant design challenge.

The test model in figure 1 depicts the air flow path in the compressor/combustor region of

an industrial gas turbine. After passing through the annular prediffuser, a portion of the air flows

through the cooling holes in the impingement sleeve into the space bet_,veen the impingement

sleeve and the transition piece; then it flows through this annular space towards the combustor

can and finally mixes with the balance of the air flowing through the bypass air ports. Next, the

air enters the combustor can through primary, secondary, dilution and cooling holes. Several

components in the flow path disrupt the circumferential uniformity; hence, the resulting flow

field is 3D. The authors of this study are aware of only one other similar investigation, which

was conducted by Karki et al. (ref. 1). Their investigation considered a typical combustor-

diffuser in aircraft engines. The diffuser geometry and the flow path in the present study are far

more complex than that in the study by Karki et al (ref. I).

The primary purpose of this work was to simulate the cold airflow in the test model of an

industrial gas turbine. Thus, the reacting flow in the combustor can and the hot-gas flow through

the transition piece were not considered. However, the geometric details of the transition piece

and the s_un_g impingement-sleeve were includ_ to _ realism tO the s_ulations. In

computations, the airflow exited at the annular space between the combustor casing and the com-

bustor can. In the circumferential direction, the exact same geometry of the combustor/wansition

piece assembly repeats cyclically. AdditionaLly, each of these assemblies is symmetric about its

midplane. Therefore, the computations in the circumferential direction were required in only one-

half of the distance between the adjacent combustor/transition piece assemblies (which is 1/28th

of the full 360 degrees).

COMPUTATIONAL PROCEDURE

Because the geometry was complex and 3D, the airflow path was divided into two com-

putational domains. The lower domain included the prediffuser, a part of the combustor support

strut and the lower dump diffuser. The upper domain included the details of the

combustor/transition piece assembly, the upper dump diffuser and a part of the combustor sup-

port strut. These two domains shared an interface region through which boundary condition data

were communicated between the two domains and updated during the computations.

Grid Generation

The body-fitted, curvilinear coordinate system was used to incorporate the geometric

details in the computational analysis. Internal solid objects, such as the support struts and the

surface of the impingement sleeve were, simulated by blocking the flow through the grids repre-

senting these areas. Figure 2 shows the computational grid in the two domains on a longitudinal



planebetweenthe combustor suppon struts and also the midplane of the combustor/transition

piece assembly. The shaded grids in figure 2 were impervious to the flow. Thus, they represent

internal solid objects, such as the impingement sleeve and the transition piece. The procedure

for generating the 3-D computational grid is described below.

EasyMesh-3D, a 3-D mesh-generation program (ref. 2), was used to independendy gener-

ate a structured grid in each of the two domains. F'trst, the computational domain was divided

into subsections or subvolumes. These subvolumes represented specific objects inside the com-

putational domains. The mesh was generated within each subvolume, which allowed local grid

refinement and accurate representation of flow obstructions. The computational grid in the lower

domain consisted of 62,268 grids with 18 in the circumferential direction, 32 in the radial direc-
'_on and 108 in the axial direction.

The computational grid in the upper domain represented the complex 3-D shape of the

cornbustor/u'ansition piece and the ¢ombustor casingfunpingement sleeve. The cornbustor and

its casing are circular in cross-section. The transition piece and impingement sleeve are circular

at the combustor end and are nearly rectangular at the turbine inlet. Moreover, the spacing be-

tween the adjacent combustor/_"ansition piece assemblies varies along the axial direction. This

spacing is maximum at the combustor end and zero at the turbine inlet. The computational grid

on the surface of the combustor can/u'ansition piece is shown in figure 3. The mesh was con-

sn'ucted by prescribing geometric dermis at 5 axial locations. Azimuthal planes at each of these

axial locations were divided into 6 subsections. Therefore, a total of 30 subvolurnes formed the

upper computational domain. Figures 3 and 4 show, respectively, the azimuthal planes at the

combustor exit and the turbine inlet. As seen in figures 4 and 5, the surface of the impingement

sleeve was broken into three segments, each of which belonged to a subsection. This procedure

allowed flexibility in generating the mesh and improved grid resolution and grid orthogonali W.

Figures 4 and 5 identify also the grids that were blocked to the flow and that represent the soLid

objects. The computational grid in the upper domain consisted of 63,648 grids with 18 in the cir-

cumferential direction, 52 in the radial direction and 68 in the axial direction.

In the test model, the air enters the space between the impingement sleeve/transition piece

and the combustor casing/combustor through cooLing air holes on the impingement sleeve and

the bypass air holes on the combustor casing. The combusmr c_g has 3 rows of bypass air

holes,and each of theserows consistsof _c_d discreteholes equally spaced in the circum-

ferentialdirection.The impingement sleevehas severalrows of smallercooling airholes. The

f'm/tegridin the presentanalysiscould not preciselyand indivisiblyresolvethe largenumber of

cooling holes. Therefore,only 12 holes were considered in each row. These holes were dis-

tributednearly uniformly in the circumferentialdirection. Although the exact shape and

orientationof the holesin a row could differ,the areaof each hole was kept the same. Ifthe ac-

tualnumber of holes in a row exceeded 12, then the totalarea of these 12 holes was made to

equal the actualtotalarea of the holes in thatrow. Each hole comprised of at leastI or more

grids.When the areaof a gridexceeded thearea of the hole itrepresented,thegridwas partially
blocked to theflow.
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Because the mesh was generated independently in each of the two domains, the grids differ

at the interface between these domains. Linear interpolation was used to compute boundary data

at the proper interface location before the information was transferred from from one domain to
another.

Governing Equations

Using Cartesian tensor notation, governing equations for incompressible turbulent flow are
expressedin time-averagedform:

0

_-(pvj) - o
J

_..-(pvjvi)= _P 8 [ OVi- _- +--- _, ---1_x. eft o_x......
J t j j

The effective viscosity, _eff' was defined by the relation

(1)

(2)

=

geff = _ + tit (3)

The turbulent viscosity, gt' in equation (3) was obtained from the standard k-e model of

turbulence.

Boundary Conditions

Because of the symmetry, the mass flow rate and the gradients of dependent variables were
specifiedaszeroatthetwo circumfercntialboundaries.

_-- Inthelowerdomain,theaxialvelocityattheinletoftheprediffuserwas prescribed

accordingto themeasured data. Inletradialand circumferentialvelocitieswere assumed tobe

zero. The inletturbulenceintensitywas takenas I0%. The inletturbulentenergydissipation
was calculatedfrom

e = [c °'75 kL5l/t (4)

where the length scale, i, was the annular gap. The axial diffusion at the prediffuser inlet was
ignored.
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The inte_ace between the domains was also the inlet to the upper domain. Values of all

the dependent variables at the inlet to the upper domain were determined from fl0w computa-
tions in the lower domain. The diffusion at the interface was neglected.

V/_ls.- The wall function approach for turbulent flow was employed. This approach re-
quires that the logarithmic velocity profile bridge the region between a wall and a near wall node

on the outside of the viscous sublayer. Turbulence in the near wall region was in local equi-
librium.

_,k- The fluid leaves the upper domain through the annular gap between the combus-

mr and the combustor casing. A constant static pressure was specified at this outlet. The axial
diffusion at the outlet was ignored.

The interface between the domains was also the outlet to the lower domain. The static pres-
sure at this outlet was determined from flow computations in the upper domain. The radial
diffusion at the interface was neglected.

foFnl:

Solution Procedure

The governing equations for each dependent variable could be reduced to a single general

(5)

where _ represents the dependent variable, V is the velocity vector, I is the diffusive flux vector (-

F V#) and So is the volumetric source of _. Integration of the generalized equation (5) over

control volumes resulted in the finite difference equations of a general form. Convection-

diffusion terms in the governing equations were discretized using the upwind scheme. The set of

coupled nonlinear equations was solved implicitly in an iterative manner. Coupling between

velocity and pressure fields was provided by a variant of the SIMPLE algorithm (ref. 3) called
SIMPLEC

The computational steps to implement the subdomain procedure can be described as fol-
lows:

(1) Prescribe a guess pressure distribution at the outlet of the lower domain (or the interface)
(2) Compute the flow field in the lower domain

(3) Compute the flow field in the upper domain. The flow solution in the lower domain

provides boundary condition data at the inlet to the upper domain (or the interface).

(4) Return to step 2 with an updated guess for the pressure distribution at the interface ob-

tained from the solution in the upper domain. Continue these trials until the pressure
distribution at the interface no longer changes.
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It was necessary m under.lax the changes in the pressure distribution at the interface.

Underrelaxing prevented large differences between the successive updates of the pressure field at

the into'face which otherwise led to oscillations. In the present work, an underrelaxation value

of 0.2 was used. The computations proceeded serially on a single CPU. Thus, at the end of com-

putations in a domain, both geometric and flow field data were saved on disk files before

computations were initiated for another domain. Each trial took approximately 120 flow itera-

tions. The flow field calculated for an earlier trial served as the initial guess for the new triaL

The flow field converged after 6 to 10 trials. Each trial took 6 to 8 CPU hours on a Sun

$parkstation 10 Model 30,

RESULTS AND DISCUSSIONS

Flow Field

The computed flow field at the midplane of the combustor/transition piece assembly (also

in between the combustor support struts) is shown in Hgure 6. The air in the prediffuser's outer

region accelerates as it exits the predfffuser. Then, it turns almost 180 degrees to enter the

bypass air holes on the combustor casing. This short-circuiting of the diffuser flow is referred to

as the sink effect of the combustor bypass air holes on the flow field in the pre- and dump dif-

fusers. Flow acceleration is detrimental to a diffuser's performance because the primary function
of a diffuser is to diffuse or decelerate the flow.

The flow separatesunderneath the impingement sleeve close to the turbine inlet. Nearly

half the distance between the prediffuser exit and the turbine inlet is occupied by the recirculat-

ing flow. The flow separates also in the lower dump diffuser at the tip of the prediffuser's outer
wall and in the space between the combustor casing and the prediffuser's outer wall. However,

the size and strength of these eddies arc relatively small. All recirculating flows dissipate the

energy received from the main flow, thus contributing to frictional losses.

The flow field at the midplane of the strut and also in between the combustor/transition

piece assembly is shown in Figure 7. The combustor support strut completely blocks the predif-

fuser flow, which is then redirected in the circumferential direction. Thus, the flow in the pre-

and dump diffusers is 3-D. The flow remains separated underneath the impingement sleeve near
the turbine inlet.

Figures 8 and 9 show projections of velocity vectors on axial planes Pl and F2 identified

in Figure 6. At plane Pl (figure 8), the support struts block a large portion of the flow area, and

the impingement sleeve is nearly circular in cross-section. The fluid underneath the support

struts turns azimuthally before joining the fluid flowing towards the impingement sleeve. Huid

velocity near the side panel (3 or 9 o'clock position) of the impingement sleeve is high while that

near the outer panel (12 o'clock position) is relatively small Thus, the outer region of the dump

diffuser behaves as a large reservoir. At plane P2, the blockage due to the support strut is

reduced, and the impingement sleeve is nearly rectangular in cross-section. The flow field at
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piano P2, shown in Figure 9, is similar to that at plane P1, except that the fluid velocity near the

side panel is even higher because of the smaller gap between the adjacent impingement sleeves.

Overall System Performance

Performance Parameters.- At any plane the mass flow rate, _n was obtained as

m...i' pudA=p_k (6)

where u isthevelocitycomponent perpendiculartotheflowarea.

The mass-averagedpressuresata planewere derivedas

=1 .rPpudA (7)
in

and

_=I lppudA (8)

in

where P and p are the local total and static pressures, respectively.
The total pressure P at a point is related to the static pressure p at that point as

P = p + 0.5p _ (9)

where V isthetotalvelocityatthatpoint.

The wallstaticpressurerecoverycoefficient(Cp)and thetotalpressurelosscoefficient(_.)

are defined as

and

Cp = [P-Pa]/hd (10)

_'a-c = [Pc-Pa]/hd (11)

where hd is the dynamic head at the predif_ser inlet [Pa" Pa ]"

Prediffuser Wall Static Pressure Recovery.- Figure 10 shows the static pressure recovery

coefficients along the inner and outer walls of the prediffuser. The pressure increases linearly

along the inner wall of the prediffuser, and a C of nearly 0.6 is reached at the prc_fiffuser exit.
P
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The prediffus_ outer wall C is nearly zero owning to the flow acceleration at the prediffuser
P

exit because of the sinkeffect.

Because the prediffuser flow is highly coupled with the flow in the dump diffuser, the wall

pressure recovery coefficients may not appropriate performance parameters. The mass-averaged

total pressure loss coefficients presented below provide a quantitative description of the predif-
fuser performance .....................

Total Pressure LoBs.- The mass-weighted total pressure loss coefficients in the diffuser

systems are summarized in Table I. The computations indicate that more than 1 dynamic head

at the prediffuser inlet (or the compressor discharge) is lost in the dii;fusers. Approximately 80%

of this loss occurs in the upper dump diffuser where the fluid must pass through the narrow gaps

and pathways between the adjacent combustor/trans_on piece assemblieS: _ Re t0_ pressure

loss in the prediffuser is relatively sn'iall: only 3% of the total pressure loss in the diffusers. The

remaining 17% of the pressure loss occurs in the lower dump diffuser.

Flow Uniformity around the Impingement Sleeve

Figure 11 shows the static pressure distributions along the impingement sleeve at 3 circum-

ferential locations: 12 o'clock, 3 o'clock and 6 o'clock. The reference pressure in Figure 11 is

the static pressure at a point on the 12 o'clock position. Figure 11 shows that the static pressure

varies both along the length and the periphery of the sleeve. The pressure is highest at the 6

o'clock position and is lowest at the 3 o'clock position. At the 12 o'clock position, the pressure

is nearly constant along the length of the sleeve, indicating that the outer most dump diffuser be-

haves as a plenum. At. the 3 o'clock position (or the side panel), the pressure decreases along the

length of the sleeve because of the increased venturi effect induced by a smaller space between

adjacent sleeves. Three-D computations indicate reverse flow from the side panel. When the

reverse flow occurs, the air exits into the dump diffuser through cooling holes on the impinge-
ment sleeve.

REFERENCES

1. Karld, K.C, Oechsle, V.L, and Mongia, H.C., "A Computational Procedure for Diffuser-

Combustor Flow Interaction Analysis," ASME Paper No. 90-GT-35, 1990.

2. CFD2000 User Manual, Adavtive Research Core oration, Huntsville, Alabama, 1992.

3. Patankar, S.V., Numerical Heat Transfer and Fluid Flow, Hemisphere, 1980.

402



Table 1. Mass-Averaged Pressure Loss Coefficient

0.04(3%)
Dump Diffuser

Lower Part 0.22 (19%)

Upper Part 0.93 (78%)

Total 1.19 (100%)

Combustor

x. a= Bypass Transition
ca. r,m Air Holes Piece _ _

-_""_ [ [\ _-//--- L_ h'npingement

_111-"_;::: _-.'_ -ttC L /-7--.-..--._ Sleeve

- _ \ Struts

Figure 1. Airflow Path in the Compressor/Combustor Region of an

Industrial Gas Turbine
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Hgure 2. Computational Grid in the Two Domains

(Between the Combustor Support Struts)

\

Figure 3. Computational Grid on the Surface of the Impingement Sleeve
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Figure 4. Upper Computational Domain Divided into 6 Subvolumes

(Azimuthal Plane Near the Combustor Can)

Figure 5. Upper Computational Domain Divided into 6 Subvolumes

(Azimuthal Plane Near the Turbine Inle0
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Figure 6. Velocity Vectors on a Longitudinal.Plane

(Between the Combustor Support Struts)

Figure 7. Velocity Vectors on a Long/tudinal Plane

(Midplane of the Combusmr/Tran$ition Piece Assembly)
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Figure 8. Velocity Vectors on an Azimuthal Plane

(Axial Location P1)
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Figure9. Velocity Vccmrs on an Azimuthal Plane

(AxialLocadon P2)
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Figure 10. Prediffuser Wall Static Pressure Recovery Coefficients
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Figure II. Static Pressure Disu'ibution Along the Impingement Sleeve
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